We report on electrostatic screening of polarization-induced internal electric fields in AlN/GaN nanowire heterostructures with Germanium-doped GaN nanodiscs embedded between AlN barriers. The incorporation of Germanium at concentrations above 10 20 cm −3 shifts the photoluminescence emission energy of GaN nanodiscs to higher energies accompanied by a decrease of the photoluminescence decay time. At the same time, the thickness-dependent shift in emission energy is significantly reduced.
Reports on the self-assembled growth of GaN nanowires (NWs) by plasma-assisted molecular beam epitaxy (PAMBE) more than a decade ago 1,2 kindled the interest in this promising technology platform for the realization of light emitters with improved efficiency 3, 4 . More recently, applications such as photocatalytic water splitting [5] [6] [7] or optochemical sensing have been proposed 8, 9 . III-N NWs exhibit a much lower density of structural defects compared to planar thin films/structures due to their three-dimensional geometry and the corresponding efficient strain-relaxation 10, 11 . Hence, these structures are also considered to be a model system for the analysis and relation of basic structural and optical properties [12] [13] [14] in addition to their huge application potential. The realization of Al x Ga 1-x N/GaN NW heterostructures (NWHs) 15 triggered the analysis of carrier confinement mechanisms in NWHs with embedded GaN nanodiscs (NDs). Besides the influence of the specific NW geometry via the so-called strain-confinement 16, 17 , the large polarization-induced internal electrical fields
for Al x Ga 1-x N barriers with high Al-content exert strong influence on the optical properties of NWHs via the quantum-confined Stark effect (QCSE). As a result, the photoluminescence (PL) emission energy of NDs embedded in Al x Ga 1-x N barrier material has been shown to be shifted below the GaN band gap for a sufficiently large Al-content and disc thickness d ND 18, 19 , as it has been reported before for planar Al x Ga 1-x N/GaN quantum well (QW) structures 20, 21 . The possibility of screening the polarization-induced internal electric fields in planar Al x Ga 1-x N/GaN QWs by doping has been theoretically investigated in Ref. 22 . embedded in undoped Al 0.07 G 0.93 N barriers 30 . Therefore, it can be concluded that noticeable screening of the internal electric fields requires a free carrier concentration above 10 19 cm −3 .
In order to estimate the onset of free carrier screening effects we performed 1D simulations of the carrier confinement in GaN NDs using the Schrödinger-Poisson-solver nextnano 3 44 . The results indicate a significant modification of the triangular ND potential, i.e. the formation of an edge potential in the ND, and a resulting blue shift of the emission above a free carrier density of n ≈ 1 x 10 19 cm −3 in agreement with the experimental data 38 . These findings also agree to the theoretical work on QWs by Riyopoulos et al. 45 stating that the impact of doping on the internal electric fields mainly depends on the ratio of d QW and the Debye length λ D . For increasing carrier density the formation of an edge potential in the QW was reported while the band profile is similar to the field-free case in the middle of the QW.
At very high doping concentrations of n ≈ 10 20 cm −3 the transition energies approach the value of a field-free QW above the GaN band gap energy as the confined state exits the edge potential. Interestingly, the blue shift of the NDSL emission observed here saturates at a value of 180 meV below the GaN band gap for BEP Ge ≈ 1 x 10 −9 mbar (cf. inset in Fig. 2b ).
Further increase of the Ge-concentration does not result in a further blue shift of the emission energy. This trend was also confirmed by PL analysis for different excitation powers.
In Fig. 3a Due to the additional screening by photo-generated carriers this effect becomes less pro- nounced with increasing excitation power, resulting in decay times of 7.9 ns (2.6 ns) for the n.i.d. sample (the sample with BEP Ge = 1.5 x 10 −9 mbar) at an excitation power of 500 µW.
This further confirms the assignment of the decreasing PL lifetime to electrostatic screening of the internal electric fields. At the same time the evolution of the decay times also excludes a degradation of the crystal quality and the formation of non-radiative recombination centers due to the high concentration of incorporated Germanium.
In conclusion we have shown that polarization-induced internal electric fields in GaN NDs embedded in AlN/GaN NWHs can be efficiently screened by Ge-doping of the NDs. The cw-PL and TR-PL analysis unambiguously reveal that for high Ge-concentrations above assuming ideal pseudomorphic growth, i.e. including contributions from both spontaneous and piezoelectric polarization. Results represented by red circles neglect piezoelectric polarization (piezoelectric constant set to zero), i.e. assume full strain relaxation in the NDs to account for the formation of misfit dislocations that has been observed for ND with a thickness exceeding 3 nm. In both cases the simulated emission energies exhibit a sigmoidal shape and a significant blue shift of the emission energy is found above n = 1 x 10 19 cm −3 .
At very high carrier concentrations of n ≥ 10 20 cm −3 the transition energies converge against the value of a field-free ND in agreement with results on 2D QWs of Ref. 45 . Experimental transition energies (green diamonds) are plotted as a function of BEP Ge (upper x-axis) and fall between these two cases due to partial strain relaxation at the AlN/GaN interfaces 19 .
As the number of activated donors is not known, the correlation between BEP Ge and n is adjusted to obtain good agreement between simulation and experiment. Linear interpolation of the corresponding Ge-concentration according to Ref. 
